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Orthogonal testAbstract Machining of carbon/carbon (C/C) composite materials is difﬁcult to carry out due to its
high speciﬁc stiffness, brittleness, anisotropic, non-homogeneous and low thermal conductivity,
which can result in tear, burr, poor surface quality and rapid wear of cutters. Accurate and fast pre-
diction of cutting forces is important for milling C/C composite materials with high quality. This
paper presents an alternative cutting force model involving the inﬂuences of the directions of ﬁber.
Based on the calculated and experimental results, the cutting forces’ coefﬁcients of 2.5D C/C com-
posites are evaluated using multiple linear regression method. Veriﬁcation experiment has been car-
ried out through a group of orthogonal tests. Results indicate that the proposed model is reliable
and can be used to predict the cutting forces in ball-end milling of 2.5D C/C composites.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics
and Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).1. Introduction
C/C composites are carbon-ﬁber-reinforced carbon compos-
ites. They offers some superior properties, such as low weight,
low thermal expansion coefﬁcient, withstanding high tempera-
tures and high resistance to corrosion.1,2 C/C composites
retain room temperature properties to be more than 3000 C
in the inert atmosphere, and this is the main trend of the devel-
opment of high-temperature structural materials in the future.3In addition, C/C composites are capable of replacing heart
valves and hip due to its excellent biological compatibility.4
There are several kinds of C/C composites according to
their braided structures. One is called 2.5-dimensional (2.5D)
C/C composite. The material is obtained by laminating non-
woven fabric layers and chopped carbon ﬁber felts one over
another. A needling process transfers some ﬁbers along the
third direction, perpendicular to the layer, to prevent delami-
nation propagation. The chemical vapor inﬁltration technique
is used to synthesize the matrix in the preform, made of discon-
tinuous ﬁbers.5,6 The microstructure of the 2.5D C/C compos-
ite with needle-punched felt is shown in Fig. 1. Although this
material is reinforced by needle punched felt, this material is
strong in the ﬁber direction, but quite weak in the needle
punched direction. This makes it easily crush.
Machining of C/C composites is a complex area. Conven-
tional machining practices, such as turning, drilling and
Fig. 1 Illustration of 2.5D C/C composite structure.
Prediction of cutting forces in ball-end milling of 2.5D C/C composites 825milling, which are a problem as the ﬁbers and ﬁber direction
result in an uneven cutting force and high tool wear, can still
be applied to the machining of C/C composites. Although dec-
ades have passed since C/C composites appeared for the ﬁrst
time, there is little open literature about milling technology
of C/C composites. Ferreira et al.7 used ceramics, cemented
carbide, cubic boron nitride, and polycrystalline diamond
(PCD) to research the turning process of C/C composites.
The experimental results showed that PCD was the optimal
tool in ﬁnish turning, and cemented carbide tools could be
used in rough turning with appropriate cutting parameters.
Li et al.8 proposed that the ultrasound-assisted milling relative
to the normal milling could improve the surface quality of C/C
composites with lower cutting temperature, cutting force and
tool wear. It is helpful to process composites with high preci-
sion, high efﬁciency and low cost.
In milling of composites, most researches focus on carbon
ﬁbers-reinforced plastic (CFRP) composites. Hanasaki et al.9,10
studied the tool wear mechanism in machining of CFRP and
concluded that the fracture of carbon ﬁber was caused as a
result of the shear stress perpendicular to the ﬁber direction
exceeding the shear strength of ﬁber. Based on ﬁber and matrix
mechanical properties, Hintze et al.11 investigated machining
CFRP during slot milling experiments and found that occur-
rence of delamination is closely related to tool wear and top
layer ﬁber cutting angle. Turki et al.12 conducted a cutting
experiment to study unidirectional carbon/epoxy composites.
They reached the conclusion that cutting forces increase with
the increase of feed rate and cutting depth, and the forces
are inﬂuenced by the ﬁber orientation. Krishnaraj et al.13
determined the optimal cutting conditions of CFRP laminates
at high speed drilling using K20 carbide drill. Chatelain and
Zaghbani14 studied the effect of tool geometry special features
on cutting forces of multilayered CFRP laminates. They found
that the special grooves reduce the axial force to approxi-
mately a null value. Hosokawa et al.15 studied side milling tests
of CFRP plate with two types of diamond-like carbon-coated
carbide end mills with different helix angles. They found that
the inclination milling with high helix angle end mill, in which
the resultant cutting force acts parallel to the work surface,
enables to reduce tool wear and to improve surface integrity
with less delamination and ﬂufﬁng.
Mahdi and Zhang16 established a ﬁnite element method to
predict the cutting force for the orthogonal cutting of CFRP.
Zhang17 presented a theoretical cutting force calculation
method with ﬁber orientation varying from 0 to 90 for the
orthogonal cutting of CFRP. Kalla et al.18 simulated the cut-
ting of CFRP with helical end mill by mechanistic modeling
techniques, which can predict the cutting forces of unidirec-
tional and multidirectional composites. Sahraie and Bahr19
proposed a theoretical model based on material mechanicalproperties of the FRPs. Many factors are shown to affect the
mechanical properties of the FRPs, including carbon ﬁber
diameter, volumetric ratio of carbon ﬁbers, curing conditions
and so on. They concluded that their model works well when
fracture plane angle is between 90 and 180. Karpat et al.20
proposed a mechanistic cutting force model for diamond cutter
milling CFRP. And the cutting force coefﬁcients in radial and
tangential directions were evaluated by the sine function of
ﬁber cutting angle. Karpat and Polat21 designed a double helix
end mill to eliminate the delamination of CFRP and built a
mechanistic force model. By analyzing the instantaneous cut-
ting force, Zaghbani et al.22 considered that the main cause
of the nonlinear change of average cutting force is the aniso-
tropy of the material. They established a prediction model of
cutting force of CFRP. Experiments showed that the measure-
ment data and the theoretical data are in good agreement
and the estimation error is approximately ±12.5%. Davim
and Reis23 established a cutting force model using multiple
regression analysis between cutting velocity and feed rate with
the surface roughness and damage in a CFRP composite
material.
Literature review shows that for cutting mechanism, most
previous researches have been concerned with metal materials
and CFRP, only a few researches have been conducted on
C/C composites. Mechanistic models of machining processes
are aimed at the accurate prediction of dynamic cutting forces
which can estimate other quantities of the cutting process
including tool life, cutter and part deﬂection, NC code, surface
quality and process stability. Because the ball-end milling pro-
cess is suitable for machining freeform surfaces and can be
used in ﬁnish milling of C/C composites, it is necessary to
establish a ball-end milling force model and predict the cutting
force of C/C composites to improve the machining quality and
efﬁciency.
In summary, the existing cutting force models have focused
on either metal materials or CFRP. This paper presents an
alternative cutting force model dedicated for ball-end milling
of C/C composite materials. Inﬂuences of ﬁber directions on
cutting forces are considered in detail. The proposed method
is experimentally proven through a group of orthogonal tests.2. Cutting force model
2.1. Deformation zones in machining of composite material
In cutting of CFRP, a chip formation area consisting of three
deformation zones17 is shown in Fig. 2. h is the ﬁber orienta-
tion angle between carbon ﬁber orientation and tool motion
direction, ac the actual cutting thickness. acl the nominal cut-
ting thickness, and ce the cutting tool edge radius. The height
Fig. 2 Three deformation regions in cutting zone of carbon ﬁber composite.
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same as the cutting tool edge radius. Hence, the actual cutting
thickness can be calculated by Eq. (1).
ac ¼ ac1  ce ð1Þ
The ﬁrst deformation region in composite cutting locates in
the front of the rake face, which is the region of chip forma-
tion. Because the surface of carbon ﬁber is smooth, the rein-
forced carbon ﬁber of C/C composites has poor
compatibility and poor bonding performance with matrix.
There are many defects existing in the interfaces. As a result,
the interlaminar shear strength is poor, which may lead to
the fracture damage taking place on the cross sections and
interlaminar interface of carbon ﬁbers. Then it may form an
approximate step-like shear plane. This cutting deformation
region corresponds to the ﬁrst and second deformation regions
in metal cutting. The second deformation region in composite
cutting locates in the front of the tool edge. A portion of mate-
rial is overwhelmed at the front-end of the cutting edge when
the main cutting edge passes the cutting surface. Then it will
generate mixed deformations, including elastic and plastic
deformation. Hence, this region is also called an extruded
region. The third deformation happens between tool ﬂank face
and the machined surface. This phenomenon is caused by the
elastic rebound of the pressed part in the second region. In
brief, it is also called a rebound region.17
2.2. Cutting force model of 2.5D C/C composites
Many researchers employed the cutting force prediction model
of unidirectional carbon ﬁbers-reinforced plastic (UCFRP)
composites to study the mechanical model of all composite
materials. When the cutting directions are along the 0 and
90 ﬁber orientation, the cutting forces are evaluated individu-
ally for UCFRP. Besides, the resultant cutting force is evalu-
ated based on them. According to the material structure, the
cutting force of 2.5D C/C composite can also be calculated
by considering the effect of the ﬁber direction as UCFRP.
2.2.1. Cutting force model in the first deformation region
As shown in Fig. 3, the shear slip deformation process along
plane AB in C/C composite cutting can be decomposed into
two components. One is along plane AC perpendicular to
the ﬁber direction. The other is along plane BC parallel tothe ﬁber direction. During cutting process, ﬁbers are cut off
along the plane AC, and then ﬁbers and matrix materials slide
out along the plane BC and become chips.
Shear force FS can be resolved into FS1 and FS2 compo-
nents. FS1 is the cutting force vertical to the ﬁber direction
and FS2 the cutting force parallel to the ﬁber direction. They
can be expressed by Eq. (2) when the cutting direction is along
the 0 ﬁber direction.
FS1 ¼ FS sinð/þ wÞ
FS2 ¼ FS cosð/þ wÞ

ð2Þ
where / is the shear angle, and w is the angle between the
machining surface of workpiece and the working table.
According to the deﬁnition of shear force, FS1 and FS2 can
also be expressed as
FS1 ¼ s1hlAC
FS2 ¼ s2hlBC

ð3Þ
where s1 and s2 are the transverse shear strengths of carbon
ﬁber and matrix, respectively. h is the side step. lAC and lBC
are the lengths of shear plane of AC and BC.
As shown in Fig. 3(c), the actual cutting thickness can be
given by Eq. (4).
ac ¼ lAC cosw lBCsinw ð4Þ
From Eq. (4), the following expressions can be easily
obtained.
lAC ¼ ac
cosw s1 sinws2 tanð/þwÞ
ð5Þ
Finally, one can obtain the following equation.
FS ¼ s1hac
sinð/þ wÞ cosw s1s2 cosð/þ wÞ sinw
ð6Þ
Normal force on the shear plane can be calculated by Eq.
(7) according to Fig. 3.
FN ¼ FS tanð/þ b c0 þ wÞ ð7Þ
Fy1
Fz1
 
¼ cosðwþ /Þ  sinðwþ /Þ
sinðwþ /Þ cosðwþ /Þ
 
FN
FS
 
ð8Þ
where Fy1 and Fz1 are the horizontal and vertical cutting force
in the ﬁrst deformation zone, respectively. c0 is the tool rake
Fig. 3 Illustration of the ﬁrst deformation zone.
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and R´ its reaction force in Fig. 3.
Horizontal and vertical cutting forces in the ﬁrst deforma-
tion zone can be evaluated by Eq. (9)when the cutting direction
is along 0 ﬁber orientation,
Fy1ð0Þ ¼ s1hac
cosð/þwÞ tanð/þbc0þwÞsinð/þwÞ
sinð/þwÞ cosws1s2 cosð/þwÞ sinw
Fz1ð0Þ ¼ s1hac
sinð/þwÞ tanð/þbc0þwÞþcosð/þwÞ
sinð/þwÞ cosws1s2 cosð/þwÞ sinw
8>>><
>>>:
ð9Þ
/ ¼ tan1 cc cos c0
1 cc sin c0
 
ð10Þ
where cc is the coefﬁcient of chip deformation. Because C/C
composite is a kind of brittle material, cc can be set to be 1.
Shear angle can be evaluated by Eq. (11).
/ ¼ tan1 cos c0
1 sin c0
 
ð11Þ2.2.2. Cutting force model in the second deformation zone
As shown in Fig. 4, the second deformation zone can be seen
as a 1/4 arc of a moving cylinder rolling the machined surface.
The point O is the center of the arc.Fig. 4 Cutting force in the second deformation region.The pressure perpendicular to the ﬁber orientation at the
arc AB is denoted as P and can be evaluated by Eq. (12)
P ¼ cepE
h
4
ð12Þ
where ce is the radius of the cutter and E* the effective elastic
modulus.
The effective elastic modulus can be evaluated by Eq. (13)
E ¼ E
1 l2 ð13Þ
where E is the elastic modulus, and l Poisson ratio.
Because there are elastic deformations in the second defor-
mation region, the actual pressure Preal must be evaluated by
multiplying a coefﬁcient K with P, as shown by Eq. (14). K
is a function with respect to h.
Preal ¼ KP ¼ fðhÞP ð14Þ
The actual friction freal can be evaluated by Eq. (15)
freal ¼ Prealu ð15Þ
where u is friction coefﬁcient.
Hence, the horizontal and vertical cutting forces, Fy2 and
Fz2, in the second deformation zone can be given by Eq. (16)
according to the actual pressure and friction, Preal and freal,
and the ﬁber orientation angle h.
Fy2 ¼ Prealðcosh u sin hÞ
Fz2 ¼ Prealðsinhþ u cos hÞ

ð16Þ
when the angle h is 0, Fy2 and Fz2 can be evaluated by Eq. (17)
Fy2ð0Þ ¼ KpEhce4ð1l2Þ
Fz2ð0Þ ¼ KpEhce4ð1l2Þ u
8<
: ð17Þ2.2.3. Cutting force model in the third deformation region
As shown in Fig. 5, the third deformation zone appears under
the interaction of ﬂank face of the cutting tool and the
machined surface of workpiece. The action force is caused
by the elastic recovery of the workpiece materials. The pressure
N acting to the workpiece material from ﬂank face of the cut-
ting tool is a constant for the same material.
Fig. 5 Cutting force in the third deformation region.
Table 1 Level table of orthogonal test.
Level Factor
vc (m/min) fz (mm/tooth) ap (mm) ae (mm)
1 15.08 0.04 0.2 1
2 30.16 0.06 0.4 2
3 45.24 0.08 0.6 3
4 60.32 0.10 0.8 4
Fig. 7 Cemented carbide ball-end mill.
Table 2 Material parameters of 2.5D C/C composite used in
828 C. Shan et al.For the convenience of calculations, it is assumed that all
the materials depressed in the second deformation will
rebound automatically. As shown in Fig. 6, the contact length
a between ﬂank face and the workpiece can be evaluated by
Eq. (18). ce is the rounded cutting edge radius, and a the tool
relief angle.
a ¼ ce
cot2a
cot aþ cotw ð18Þ
The pressure N can be evaluated by
N ¼ 1
2
aE3h tan a ð19Þ
where E3 is the effective elastic modulus in the third deforma-
tion zone, and E3 < E.
In Fig. 5, f3 is the friction between the tool ﬂank face and
the workpiece and it can be resolved into the horizontal force
fz3 and the vertical force fy3 components.
fy3 ¼ f3 sin a
fz3 ¼ f3 cos a

ð20Þ
with
f3 ¼ uN cos a ð21Þ
Based on the above equations, the following equation can
be obtained.
Fy3ð0Þ ¼ 12 aE3h tan að1 u cos a sin aÞ
Fz3ð0Þ ¼ 12 aE3hu tan a cos2 a
(
ð22Þ
Similarly, when the cutting direction is along the 90 ﬁber
orientation in the three deformation regions, the cutting force
can also be obtained. The cutting force for 90 ﬁber orientation
in the ﬁrst deformation zone is shown in Eq. (23). The cutting
forces for 90 ﬁber orientation in the second and the third
deformation regions equal those related to the case of 0 ﬁber
orientation in the same deformation region.Fig. 6 Contact length between ﬂank face and workpiece.Fy1ð90Þ ¼ s1hac
sinð/þwÞ tanð/þbc0þwÞþcosð/þwÞ
s1
s2
sinð/þwÞ coswcosð/þwÞ sinw
Fz1ð90Þ ¼ s1hac
cosð/þwÞ tanð/þbc0þwÞsinð/þwÞ
s1
s2
sinð/þwÞ coswcosð/þwÞ sinw
8>>><
>>>:
ð23Þ2.2.4. Resultant cutting force model
The cutting forces of 2.5D C/C composites are associated with
all the three deformation zones. Hence, it can be assumed that
the resultant cutting force has a linear relationship with the
cutting forces for 0 and 90 ﬁber orientations in three defor-
mation regions and can be calculated by using Eq. (24).
Fy ¼ a1ðFy1ð0Þ þFy2ð0Þ þFy3ð0ÞÞþa2ðFy1ð90Þ þFy2ð90Þ þFy3ð90ÞÞþb1
Fz ¼ a3ðFz1ð0Þ þFz2ð0Þ þFz3ð0ÞÞþa4ðFz1ð90Þ þFz2ð90Þ þFz3ð90ÞÞþb2

ð24Þ
where a1, a2, a3, a4, b1 and b2 are the correction coefﬁcients of
linear superposition. All the correction coefﬁcients can be eval-
uated by the multiple linear regression method based on the
calculated and measured results. All the material parameters
required in the calculation process of cutting force are
obtained by mechanical tests.test.
Material parameter Value
Elastic modulus, E (GPa) 11
Eﬀective elastic modulus, E3 (GPa) 5.5
Transverse shear strengths of carbon ﬁber, s1 (MPa) 12.04
Transverse shear strengths of matrix, s2 (MPa) 5.97
Poisson ratio, l 0.026
Friction coeﬃcient, u 0.15
Friction angle, b () 33
The angle between machining surface and table, w () 30
Fig. 8 Experimental setup.
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3.1. Experimental setup
In order to validate the cutting force model, a set of tests were
performed. The tests use orthogonal test design. The inﬂuenc-
ing factors are: milling speed vc, feed per tooth fz, milling depth
ap and cutting width ae. Each factor has four different levels.
Table 1 lists each level factor of milling parameters. All the
tests were conducted by using cemented carbide (K40) ball-
end mills with four ﬂutes, a 40 helix angle, a 10 rake angle,
a 12 relief angle and 12 mm diameter. A cemented carbide
ball-end mill is schematically shown in Fig. 7.Table 3 Results of orthogonal test.
No. ap (mm) vc (m/min) fz (mm/tooth) ae (mm) Forc
Calc
Fy(0
1 0.2 15.08 0.04 1 8.2
2 0.2 30.16 0.06 2 14.
3 0.2 45.24 0.08 3 17.
4 0.2 60.32 0.1 4 16.
5 0.4 15.08 0.06 3 26.
6 0.4 30.16 0.04 4 28.
7 0.4 45.24 0.1 1 15.
8 0.4 60.32 0.08 2 19.
9 0.6 15.08 0.08 4 32.
10 0.6 30.16 0.1 3 34.
11 0.6 45.24 0.04 2 26.
12 0.6 60.32 0.06 1 15.
13 0.8 15.08 0.1 2 37.
14 0.8 30.16 0.08 1 26.
15 0.8 45.24 0.06 4 45
16 0.8 60.32 0.04 3 48.
Table 4 Comparison between measured and calculated cutting forc
No. ap (mm) vc (m/min) fz (mm/tooth) ae (mm) Fy (N)
Measured
1 0.2 30.16 0.05 2 22.307
2 0.4 30.16 0.04 3 32.475
3 0.5 30.16 0.06 4 48.192The workpiece is 2.5D C/C composite. Material parameters
are shown in Table 2. A VMC850 3-axis machining center with
a FANUC-OI-MB NC unit has been employed to perform
milling tests (see Fig. 8). Cutting force signals were measured
by using a Kistler dynamometer 9255B.
3.2. Test results and analysis
The results of calculated and measured cutting forces are
shown in Table 3
The formula of the resultant cutting force can be evalu-
ated using Eq. (25)based on the data in Table 3. From Eq.
(24)it can be seen that b1 and b2 in Eq. (24) can be omitted
since they are very small and have no signiﬁcant effect on
the cutting forces.
Fy ¼ 0:4912Fyð0Þ þ 1:6763Fyð90Þ  0:0089
Fz ¼ 0:5211Fzð0Þ þ 1:5842Fzð90Þ þ 0:0121

ð25Þ
In order to verify the accuracy of the proposed cutting force
model, three veriﬁcation tests were performed. Comparisons
were made between the measured and calculated results, as
shown in Table 4. It can be seen that the errors between the
measured and calculated results are less than 10%. Hence,
the proposed cutting force model is reliable and can be used
to predict the cutting forces in ball-end milling of 2.5D C/C
composite materials.e(N)
ulated Measured Calculated Measured
) Fy(90) Fy Fz(0) Fz(90) Fz
01 6.4169 18.989 7.803 5.645 14.397
4 8.83499 24.417 12.806 9.291 19.421
61 9.25308 26.451 17.208 11.936 23.498
81 9.67116 26.916 20.611 13.582 28.198
15 19.4488 49.207 21.058 14.873 29.208
87 20.5992 36.396 28.011 15.013 32.448
72 12.148 31.440 12.853 9.291 23.318
43 12.2984 34.027 19.705 12.582 27.176
94 28.5272 60.362 27.211 18.745 38.720
7 16.6445 43.104 27.908 18.809 36.146
47 15.7618 41.080 28.605 19.872 36.195
23 9.87913 26.253 17.302 11.936 22.510
5 25.2252 66.793 41.505 22.163 46.428
75 15.6102 42.013 25.752 18.581 37.833
20.4552 60.617 56.011 24.327 53.900
25 21.8402 57.564 54.258 18.745 46.478
es.
Fz (N)
Calculated Error (%) Measured Calculated Error (%)
24.0198 7.13 17.581 18.52973 5.12
36.0777 9.99 28.103 25.68434 9.42
53.4951 9.92 35.224 37.34549 5.68
830 C. Shan et al.4. Conclusions
An alternative cutting force model for ball-end milling of 2.5D
C/C composite materials is proposed. First, the chip formation
area is divided into three deformation zones. The cutting forces
for 0 and 90 ﬁber orientations in three deformation zones are
calculated individually. Then the resultant cutting force is
derived using multiple linear regression method. Finally, the
model is veriﬁed by a group of orthogonal tests. Results show
that the maximum error is about 10%; hence, it can be
reliably used to predict the cutting forces in ball-end milling
of 2.5D C/C composites.
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